The microsomal fraction of chicken cerebellum expresses a large amount of Ca2+-ATPase (105 kDa), which is phosphorylated by ATP in the presence of Ca2t. The Ca2+-ATPase activity is highly sensitive to temperature and to the presence of detergents. This ATPase has kinetic properties similar to those of chicken skeletal-muscle sarcoplasmic reticulum, as (i) it is activated by low (4uM) and inhibited by high (mM) Ca2+ concentrations, (ii) it shows biphasic activation with ATP and (iii) it is inhibited by vanadate. However, the vanadate-sensitivity is at least 10 times greater than that observed in chicken skeletal or cardiac sarcoplasmic-reticulum Ca2+-ATPases. Thus, despite cross-reacting with antibodies against the cardiac and skeletal isoforms, the cerebellar microsomal Ca2+-ATPase appears to be distinct from both muscle enzymes. The Ca2+-ATPase is concentrated in, but not exclusive to, Purkinje neurons. In Purkinje neurons the Ca2+-ATPase appears to be expressed throughout the cell body, the dendritic tree (and the spines) and the axons. At the electron-microscope level the Ca2+-ATPase is found in smooth and rough endoplasmic-reticulum cisternae as well as in other, yet unidentified, smooth-surfaced structures.
INTRODUCTION
Many cellular processes are regulated by changes in the concentration of cytosolic free calcium ([Ca2+]1) [1] [2] [3] [4] [5] . Cellularfractionation studies on various cells and tissues, including brain and cerebellum, have suggested that either the endoplasmic reticulum (ER) itself or specialized structures, 'calciosomes', represent the rapidly exchanging intracellular Ca2+ stores of nonmuscle cells [1] [2] [3] [4] [5] . Moreover, parallels have been drawn between these stores and sarcoplasmic reticulum (SR) of striated muscle fibres, since both are expected to contain intraluminal high-capacity Ca2+-binding proteins (calsequestrin and/ or calreticulin), Ca2+-ATPases and Ca2+-release channels [the receptor for inositol 1,4,5-trisphosphate (InsP3) and/or the socalled ryanodine receptor] (for review see refs. [4, 5] ).
Two isoforms of the Ca2+-ATPase ( -110 kDa) have so far been identified by genetic analysis in mammalian non-muscle tissues. One isoform is similar to the cardiac/slow-twitch Ca2+-ATPase [6] , whereas the other was shown to be like neither the fast nor the slow isoform and was found to be expressed in both muscle and non-muscle cells [7] . On the basis of cross-reactivity with an anti-skeletal-muscle monoclonal antibody, a third type of Ca2+-ATPase (140 kDa) has been proposed to exist in bovine adrenal chromaffin cells; the 140 kDa enzyme was suggested to be specifically associated with the InsP3-sensitive Ca2+ stores [8] .
Recently, much interest has focused on the cerebellar Purkinje neurons, particularly because these cells were shown to contain extraordinary high levels of both the ryanodine and the InsP3 receptors [9] [10] [11] [12] . In addition, chicken Purkinje neurons, unlike the other non-muscle cells tested so far, express a Ca2+-binding protein indistinguishable from the muscle isoform of calsequestrin [13] . Thus the Purkinje neuron appears to be a unique model for the study of the molecular components of Ca2+ stores.
Immunocytochemistry demonstrated that, in rat cerebellar
Purkinje neurons, the InsP. receptors are concentrated in specialized regions of the ER constituted by smooth-surfaced cisternae often arranged in multiple stacks [11] . At present, however, no information is yet available on the nature and subcellular distribution of the Ca2+-ATPase, although Purkinje cells from chicken cerebellum were recently shown to express a very high level of Ca2+-ATPase cross-reactive with the caraiac isoform [14] .
As part of a comprehensive study aimed at the morphological, functional and molecular characterization of Ca2+ pools in chicken Purkinje neurons, we report here the first detailed characterization of a neuronal Ca2+-ATPase, i.e. the chicken cerebellum microsomal Ca2+-ATPase, investigated in comparison with the Ca2+-ATPase expressed in muscle cells. The cellular and subcellular distribution of the enzyme was also investigated by both immunofluorescence and high-resolution immuno-gold labelling of ultrathin cryosections prepared from the chicken cerebellar cortex.
METHODS
In the biochemical experiments the brains of 5-10 adult chickens were removed and the cerebellum was separated from the cerebrum. Cerebellum subcellular fractions were isolated by centrifugation by the procedure of Edelman et al. [15] with minor modifications; all steps were carried out at 4 'C. Briefly, the tissue was first chopped into small pieces and then homogenized in 10 Vol. 275 phenylmethanesulphonyl fluoride, pH 7.4) with a wide-clearance Teflon Potter-Elvehjem homogenizer. The homogenate was first centrifuged at 500 g for 10 min. The pellet was homogenized in 5 vol. of buffer A and again centrifuged at 500 g for 10 min. The supernatants were pooled and the mitochondria removed by centrifugation at 10000 g for 10 min. The microsomal pellet was obtained by centrifuging the post-mitochondrial supernatant for 1 h at 100 000 g. The microsomes were resuspended in buffer A at a concentration of 10-20 mg/ml.
Protein concentration was determined by a modified Lowry procedure [16] . The various fractions were frozen in liquid nitrogen and stored at -70°C until used. Chicken skeletalmuscle SR was prepared essentially as described above, except that the skeletal muscle was initially homogenized in a Waring blender and the final centrifugation step was carried out in buffer A supplemented with 0.6 M-KCI; cardiac SR was prepared as described by Suko & Hasselbach [17] . The purified Ca2+-ATPase from rabbit skeletal-muscle SR was prepared as described by East & Lee [18] . The Ca2+-ATPase activity was determined as previously described [19] , by using a coupled enzyme assay in a medium containing 40 mM-Hepes, 15 Immunofluorescence was applied to cryosections either 20 or 1 ,tm thick, prepared with either a cryostat or the Reichart Ultracut ultramicrotome equipped with the FC4 apparatus. These cryosections were attached to glass slides and covered with 2 % gelatin in phosphate buffer. After a short treatment with 1 % NaBH4, the sections were washed and exposed for 30 min to a hyperosmotic solution containing 0.3 % Triton X-100, 15 % (v/v) filtered goat serum, 0.45 M-NaCI and 20 mM-phosphate buffer, pH 7.4. After washing, they were exposed (I h at 37 'C or overnight at 4 'C) to appropriate concentrations (50 ,ug/ml) of monoclonal antibodies against either the slow-twitch skeletal muscleCa2+-ATPase(3H2;kindlygivenbyDr.D. M. Fambrough, Department of Biology, Johns Hopkins University, Baltimore, MD, U.S.A.; [14] or a protein not expressed in chicken Purkinje neurons (calreticulin; see ref. [23] ) used as a negative control, prepared in the solution described above. Sections were then washed again thoroughly and treated with rhodamine-labelled goat anti-mouse antibodies (diluted 1/20-1/40 in the Triton X-100/goat serum solution; 30-60 min, 37°C), washed again and mounted in glycerol to be examined in a Zeiss Photomicroscope III apparatus.
For immuno-gold treatment, ultrathin cryosections ( 100 nm) were collected over nickel grids and covered with 20% gelatin. After treatment with 125 mM-phosphate buffer, pH 7.4, supplemented with 0.1 M-glycine and 1 % BSA, they were exposed to one of the antibodies mentioned above for 1 h at 37 'C (20 ,ug/ml in phosphate/glycine/BSA buffer), then washed with phosphate/glycine buffer and decorated with gold particles (5 nm; dilution 1/80 in the same buffer) coated with goat anti-mouse IgG (Bio Cell, Cardiff, Wales, U.K.). The immuno-decorated grids were then washed and processed as recommended by Keller et al. [24] . For additional details see ref. [25] . Cryosections were examined in a Hitachi H-7000 electron microscope. Pictures were usually taken at a magnification of 24000. In both the purified rabbit Ca2+-ATPase and chicken cerebellum microsomes, autoradiography revealed a single major band in the presence of Ca2+ which was absent in the presence of EGTA and vanadate. These phosphorylated proteins had an apparently similar molecular mass of 105 kDa. In the CoomassieBlue-stained gel (Fig. 1, lane j) of the chicken cerebellum microsomes one prominent band corresponded to that phosphorylated in the autoradiograph; by quantitative scanning, this band was estimated to account for approx. 5 % of the total protein. In chicken skeletal-muscle SR investigated in parallel a single band was phosphorylated in the presence of Ca2 , which corresponded to a protein of 96 kDa.
The 105 kDa band of chicken cerebellum microsomes was shown to cross-react with polyclonal antibodies raised against chicken skeletal-muscle Ca2+-ATPase and with a monoclonal The Ca2+-ATPase activity was measured as described in (Fig. 2) . Fig. 3(a) shows the dependence on free [Ca2+] of the ATPase activity. A bell-shaped curve was observed with a maximum at approx. 10,M and no activity below 30 nm or above 1 mm. The Km for the high-affinity (activatory) sites was 0.2 /SM, whereas that for the low-affinity (inhibitory) sites was 300 /tM. Fig. 3(b) shows Hill plots for the Ca2+-dependent ATPase activity measured at 22°C in the presence of C12E8, or at 37°C in the absence of detergent. The Hill coefficients were 1.1 and 1.7 respectively. Fig. 4 shows the effects of ATP on Ca2+-ATPase activity. The biphasic profile with increasing ATP concentration could be simulated by using a modified Michaelis-Menten equation, as described in [27] , assuming two Km values, 0.2 and 320 saM, and two Vmax values, 0.052 and 0.095 unit/mg, respectively. At variance with the rabbit skeletal-muscle Ca2+-ATPase [27, 28] , the biphasic response to ATP of cerebellum Ca2+-ATPase was not modified by C12E8. This may be due to the low detergent concentrations and the short exposure times used in the present experiments. Ca2+-independent basal ATPase activity, on the other hand, showed simple Michaelis-Menten kinetics, with a single Km of 50 ,tM (results not shown). Fig. 5 illustrates the effects of Mg2+ concentration (Fig. 5a ) and pH (Fig. 5b) By immunofluorescence, using a monoclonal antibody raised against chicken heart Ca2+-ATPase (Fig. 7a) , a strong. signal was revealed over the Purkinje neurons, whereas the other cerebellar cells, in particular the granule neurons, yielded only weaker responses. Within Purkinje neurons the enzyme appeared distributed to all regions: the cell body, dendrites (see also [14] ) and also dendritic spines (revealed by high-power analysis of 1 ,tm-thick sections; Fig. 7a inset) and the axon. In contrast, at the electron-microscope level the immuno-gold signal was not strong. Various structures (the nucleus, Golgi complex, multivesicular bodies) were negative, and the same occurred with mitochondria when appropriate concentrations of the antibody were used. Most of the labelling was observed over ER cisternae, rough as well as smooth-surfaced (Figs. 7b and 7c) . Gold particles, however, were not distributed at random, but preferentially concentrated in small clusters. Smaller smoothsurfaced structures located in both the cell body and dendrites were also labelled (result not shown).
DISCUSSION
The role of [Ca2+]i changes in cell physiology is particularly relevant in the central nervous system, where this ion is thought to play a key role in many different phenomena such as secretion, plasticity and toxicity [29] . The discovery that the Purkinje neuron is endowed with an unusually high expression of the basic components of calcium stores, in particular the InsP3 and the ryanodine receptors [9] [10] [11] [12] , has triggered much research on this particular cell model. Although much is now known about the Purkinje InsP3 receptor (primary structure and subcellular localization [9] [10] [11] ), little information is available on the localization and biochemical properties of the microsomal Ca2+-ATPase in this, as well as in other cell types. Genetic analysis and cross-reactivity with monoclonal antibodies have suggested that the Ca2+-ATPase expressed in non-muscle cells may be similar to the cardiac/slow-twitch isoform. Progress has been hindered by the fact that in most non-muscle tissues the Ca2+-ATPase is expressed at very low levels. Phosphorylation measurements [30] and Ca2+-uptake data [31] suggest that in liver microsomes the concentration of the Ca2+-ATPase is 0.2-1 % of that observed in skeletal-muscle SR, and thus accounts for about 0.2-1 % of total microsomal protein. The present work concurs with previous data [14] to show that in the cerebellum, particularly in Purkinje neurons, the Ca2+-ATPase is expressed in greater amounts. Under our experimental conditions the Ca2+-ATPase activity of the cerebellar microsomal fraction was found to be 0.15 unit/mg of microsomal protein, whereas that of purified rabbit skeletalmuscle Ca2+-ATPase under similar conditions is 2.5-5 units/mg [19] . If we assume that the Ca2+-ATPase from cerebellum has a specific activity similar to that of the purified skeletal-muscle enzyme, it can be calculated that the chicken cerebellum Ca2+-ATPase represents 3-6 % of the total microsomal protein. This value is close to that estimated by SDS/PAGE for the 105 kDa band (5 %).
The enzyme, however, was shown to be unevenly distributed among cerebellar cells, with great concentrations in Purkinje neurons (see also ref. [14] ). In the microsomes originated from the latter cells, the concentration of the enzyme is therefore expected to be higher (at least 2-fold) than revealed by the above overall values.
As for its intracellular distribution, the enzyme is shown here by immunofluorescence to be located in all regions of Purkinje neurons. Of particular interest is the case of dendritic spines, which were recently shown not to express ryanodine receptors [12] . The Ca2+-ATPase of dendritic spines might thus be part of the InsP3-sensitive stores, since in the rat the receptor for this second messenger is located in those structures [11] . Whether this is the case also in the chicken is, however, still unknown.
Compared with the strong immunofluorescence, the immunogold signal yielded by the anti-Ca2+-ATPase monoclonal antibody was unexpectedly low and apparently restricted to discrete membrane sites, most often of the ER. In order to explain this result, it should be mentioned that the highly immunogenic region of the Ca2+-ATPase molecule is located near the ATPbinding site, where binding of antibodies is severely limited [32] . The Triton X-100 treatment given to the immunofluorescence sections might facilitate the access of the antibodies and thus justify the strong signal observed. Unfortunately, detergents cannot be employed with preparations intended for studies at the electron-microscope level. In the ultrathin cryosections decorated with immuno-gold the labelling was thus primarily restricted to discrete sites corresponding to membrane-grazing sections, where the hidden antigenic determinant might have been exposed to the section surface. The labelled intracellular structures were mostly represented by ER cisternae and tubules as well as smaller smooth-surfaced structures. Whether all these structures belong to functional rapidly exchanging Ca2+ stores cannot yet be decided, because the other store components (channels and highcapacity Ca2+-binding proteins ) have not yet been mapped within chicken Purkinje neurons.
As expected, the microsomal Ca2+-ATPase from chicken cerebellum was found to belong to the family of E1/E2 ATPases, as indicated by the formation of phosphorylated intermediates and by the vanadate-sensitivity. Although distinctly (one order of magnitude or more) higher than that of the muscle SR (skeletal and cardiac) isoforms (Ko5 = 10 versus 100 and 250 /SM), the latter property of the cerebellar enzyme remains much lower than that of the plasma-membrane Ca2+-ATPase (Ko05 = 1 uM) [33] . Interestingly, the vanadate-sensitivity of the cerebellar Ca2+-ATPase appears similar to that reported for the microsomal Ca2+-ATPase of human platelets [34] . It has been calculated that at physiological pH the E1/E2 ratio for rabbit skeletal-muscle SR Ca2+-ATPase is 0.5 [35] . Since vanadate binds to the E2 form [32] , it may be suggested that the difference in vanadate-sensitivity reflects, at least in part, a difference in this ratio, with the nonmuscle enzyme equilibrium displaced towards the E2 form. From these data we conclude that the cerebellar, the skeletal muscle and the heart SR Ca2+-ATPase, in spite of their similar molecular masses and of the shared immunological determinants, are distinct molecular isoforms. In contrast, our phosphorylation results provide no evidence for the expression in the chicken cerebellum of a 140 kDa Ca2+-ATPase isoform which was proposed to exist in adrenal chromaffin cells [8] .
On the other hand, the following kinetic characteristics of the cerebellum Ca2+-ATPase are similar to those of the skeletal and cardiac SR enzymes.
(a) The existence of high-and low-affinity Ca2+-binding sites 1991 [27] . Of these, the high-affinity sites appear to behave in a cooperative manner, with a Hill coefficient close to 2, which is decreased to 1 on addition of C12E8.
(b) The apparent Kd for Ca2+ of the high-affinity site, similar to that of the chicken skeletal-muscle Ca2+-ATPase, yet 4-5 times lower than that of the corresponding rabbit enzyme. In this case comparison with the cardiac isoforms is impossible, owing to the large variations in affinity reported in the literature (Table 2) .
(c) The temperature-dependence, similar to that of the chicken skeletal-muscle isoform [36] , but strikingly different from that of mammalian Ca2+-ATPases [37] . This property might be linked to the high physiological temperature of birds (42°C [38] In conclusion, the high concentration of the microsomal Ca2+-ATPase in chicken cerebellum Purkinje cells have proved to be instrumental for our studies. In fact, in other non-muscle cells the activity of the enzyme is so low that the Ca2+-activated ATP hydrolysis can hardly be distinguished above the background of the basal activity and thus prevents thorough characterization of its kinetic parameters. Our results clearly show that the enzyme possesses functional peculiarity with respect to its muscle SR counterparts, yet its kinetic properties are consistent with the classical mechanistic model proposed by De Meis & Vianna [39] and Gould et al. [20] to account for the activity of rabbit skeletalmuscle SR Ca2+-ATPase. 
